The UV-initiated emulsion polymerization of methyl methacrylate (MMA) in the presence of FeCl 3 was studied. The photopolymerization presented high efficiency even though using a small percentage of photoinitiator. The entire polymerization could be performed within 10 min and displayed a conversion higher than 90% at ambient temperature. The particle sizes could be tuned in the range of 20-90 nm. The effects of content of initiator and emulsifying agent upon the reaction conversion, distribution of molecular weight, diameter of particles and glass-transition temperature were examined.
Introduction
In the last 10 years, polymer nano-particles with sizes of 10-100 nm have attracted great interest in the field of colloidal and materials science. They have various applications in a broad range of fields, such as optics catalysis, microelectronics, coatings, adhesives, biology, medicines, etc. [1] [2] [3] [4] [5] [6] For most acrylate ester monomers, a suitable surfactant concentration was achieved to enhance a colloidal stability to the small latex particles and prevent coagulation even at low surfactant concentration. For certain partly hydrophilic monomers, Bhawal et al. and Pokhriyal et al. [7] [8] [9] [10] were able to yield stable translucent nano-sized latexes (30-50 nm) by emulsion polymerization. For some hydrophobic monomer such as styrene, Xuefeng Hu et al. [11] used the hydroxylfunctionalized polymer chains to promote a colloidal stability of the small latex particles and prevent coagulation even at low surfactant concentrations. The particle sizes could be tuned in the range of 20-40 nm with a surfactant concentration of 0.4 wt% and a monomer concentration of 10 wt%. A series of methods such as microwave, ultrasound and electron beam have been applied to emulsion polymerization. [12] [13] [14] UV light has also become a useful tool for initiating polymerization due to certain significant advantages [15, 16] . This method has been applied to emulsion polymerization [17, 18] . The polymerization can be easily varied by controlling the emulsifier concentration and the initiator concentration. At the same time, it will accomplish the polymerization process efficiently in a short time. In contrast to thermally based applications which usually require elevated temperatures, photopolymerization can also be performed at room temperature and below. This is a striking advantage for both classical polymerization of monofunctional monomers and modern curing applications. The polymerization of vinyl monomers sensitized by inorganic photoinitiators in the presence of an electron donor compound has attracted much attention [19] [20] [21] [22] [23] [24] [25] . Many of studies involved the use of compounds of Ti [19, 20] , Ru [21] , Co [22] , etc. Some researchers reported the photoinitiation of vinyl polymerization using Fe(III) like bipycomplexes. [26, 27] Several of the primary photochemical processes useful in the formation of free radicals capable of initiating vinyl polymerization rely upon initial electron transfer between an excited sensitizer and an added substrate (coinitiator). [28] In the case of photoinitiation systems, the desired products are often the initiating free radicals. In most of these cases, the use of co-initiators like amines was also involved. Iron complexes (like [Fe(bpy) 3 ] 3+ ) have been reported to be effective in photoinitiating the polymerization of methyl methacrylate (MMA) in the presence of amines. [26, 27] The Fe (III) ion in the excited complex is reduced by the bipyridine, which in turn reacts with the amine generating the initiating radical. On the other hand, previous studies indicate that the mechanism of the photopolymerization in aqueous solution proceeded by a radical mechanism in which the Fe(III) oxidizes water to form OH•. This radical then initiates the polymerization which occurred by the well-known addition mechanism. [29] In this work, we used FeCl 3 as photoinitiator. It has been found in our research that it possesses efficient photoinitiation even though at a small percentage of content. Moreover, there are several advantages such as water solubility, nonpolluting, and odorless. After the polymerization, it could be scoured off easily. The aim of this work was to get nano-latexes in a short time. And we studied the influence of emulsifier and initiator concentration on the polymerization reaction and product. It was expected that some different sorts of nanoscale latexes will be obtained by controlling the concentration of emulsifier. Another advantage is that strong UV radiation will produce high flux radicals facilitating an increase in the number of loci.
1 H-NMR analysis of the reaction products confirmed that the heterotactic structure of PMMA was obtained. The whole processes of synthesis were well-traced by 1 H NMR, DSC, TEM, GPC, and DLS.
Results and discussions

H-NMR analysis
The PMMA structure data was obtained by 1 H-NMR and can be seen in Fig. 1 . The signals at site A and B (that appeared at 0.843 ppm and 1.014 ppm) are assigned to the protons of methyl groups of -C(CH 3 )(COOCH 3 ), the signals from 1.432 to 2.025 ppm are attributed to the methylene group of -CH 2 -, and the peak at 3.593 ppm corresponds to methoxy groups in the main chain. [30] The characteristic signals at site A and B (that appeared at 0.843 ppm and 1.014 ppm) are respectively assigned to racemo placement and meso placement. Besides, the characteristic signals at site C (that appeared at 1.432, 1.893, and 2.025 ppm) are assigned to the meso placement. Meanwhile, the peak occurred at 1.807 (that marked at site D) is assigned to the raceme placement. This indicates that atactic configuration was produced in the process of polymerization. , respectively. For a CTAB concentration of 3 wt%, the polymerization could be completed within 10 minutes, whereas a concentration of 1 wt% led to an un-complete polymerization with a 90% end-conversion. The concentration of 2 wt% was slightly lower than the 3 wt% in conversion. When taking into account that the rate of polymerization began to fall just after a conversion of 80%, a possible interpretation is that the available surfactant in the system became almost exhausted at this point. The time vs. the conversion curves showed that with increasing CTAB concentration, the rate of polymerization increased. This can be attributed to variations in the number of the loci. A higher concentration of surfactant generates more number of micelles which are initiated and then converted into particles. Hence the rate of polymerization increases. [11] According to the theory of classical emulsion polymerization, [31, 32] polymerization rate (r p ) and average degree of polymerization (X n ) can been respectively represented as Eq. (1) and Eq. (2).
Effect of CTAB concentration
(1) Tab. 1 shows that with an increasing the concentration of CTAB from 1 wt% to 3 wt%, the number average molecular weight increased from 8.03×10 4 to 8.43×10
4 . This result is consistent with Eq. (2). In addition, the molecular weight distribution index (M w /M n ) increased from 1.91 to 1.99 with the increasing of the number average molecular weight. So it is expected to obtain the high-performance material based on the narrow molecular weight distributions. The glass transition temperature (T g ) raised from 123.5 ºC to 126.4 ºC with the increasing of the number average molecular weight. For a conventional emulsion polymerization, the size of a micelle or particle usually decreases with an increasing surfactant concentration. As shown in Tab. 1 and Fig. 3 , with an increasing the concentration of CTAB, from 1 wt% to 3 wt%, the latex diameter decreased from 83.2 nm to 24.7 nm. The results were consistent with conventional emulsion polymerization. According to the ideal emulsion polymerization mechanism, the average diameter can be obtained by Eq. (3).
[32]
where ρ represents the free radicals formation rate. μ represents the volume growth rate of emulsion particle. a s represents the covering area of an emulsifier molecule on the surface of emulsion particle.
[S] represents the surfactant concentration. It could be found that with the increasing surfactant concentration [S], the number of emulsion particles in unit volume (N p ) increased. That will make average emulsion particle diameter get smaller. Generally, in order to increase the latex grain diameter and reduce the concentration of emulsifier, polymerization rate will significantly reduce. In this experiment, however, when surfactant concentration reduced to 1 wt% (based on the monomer), polymerization rate was efficient. The method presented in this paper is thus extremely promising for producing nano-latex with low surfactant content. The surfactant concentration is an important factor for emulsion polymerization and microemulsion polymerization. It can adjust the granularity of the emulsion particles. However, the thin surfactant concentration will disrupt the stability of emulsion. Meanwhile, it will debase the polymerization rate obviously. This cannot be accepted in the use of industry. Therefore, it is important to control the surfactant concentration. . As can be seen, the conversion increased with the increasing initiator concentration. It can be predicted from Eg. (1) that the rate of polymerization (r p ) will increase with the increasing initiator concentration. For emulsion polymerization, the number of emulsion particles is in connection with the initiator concentration. According to the Smith-Ewart's classical theory of emulsion polymerization, [33] the relationship between emulsion polymerization rate and the number of emulsion particle conforms to the Eq. (4). That is to say the increasing of initiator concentration will increase the number of emulsion particle s in unit volume (N p ). It will further increase the polymerization rate. A novel factor is that it just need FeCl 3 • 6H 2 O for 0.1 wt% (based on the monomer), can be almost reached to a conversion higher than 90% in 10 minutes in the polymerization. . A possible interpretation is that with the initiator concentration increasing, the radical generation rate will increase. In addition, the chain termination rate will increase. That will make the number average molecular weight drop down. Otherwise, Eq. (2) can predict that the increasing initiator concentration will cause average degree of polymerization to decrease. In addition, the molecular weight distribution index (M w /M n ) decreased from 2.22 to 1.90 with the decreasing the number average molecular weight. Besides, the glass transition temperature (T g ) dropped down from 128.6 ºC to 121.1 ºC with decreasing number average molecular weight.
Effect of iron (III) chloride concentration
The photo-polymerization of MMA in the presence of Fe(III) ion is possible because most of the ferric complexes with hexacoordinated organic compounds have typical LMCT (ligand-to-metal charge transfer) absorption bands which extend into the visible region. [34] [35] [36] [37] The probable mechanism is that it could be initiated with different efficiencies by the excitation of iron complexes with two different ligands. In the case of iron complexed with water, the mechanism will follow a mechanism similar to that reported for the photo-polymerization in water. The central iron in the excited complex will accept an electron from one of the hydrone ligands, which will then be ejected as a free radical that can initiate the polymerization process. [ 
When the ligands are MMA molecules, the reaction will proceed via the direct oxidation of the monomer to yield an initiating cation radical. [38] [ 
Assuming two initiation pathways with different efficiencies and using molar fractions for the solvent, the overall rate constant can be written as
Where K p stands for the experimental overall polymerization rate constant obtained by dividing the polymerization rates by monomer concentration. A K p and B K p are the overall rate constants for the initiation by water and MMA complexes and include the true propagation rate constant k p , the termination rate constant k t ; the amount of absorbed light I a ; and the efficiency of initiating radical production η. The superscripts A and B refer to water and MMA, respectively. The similar result has been proved by M. G. Neumann [39] that two roles are existent in the polymerization.
Microstructure of latex particles Fig. 5 shows the TEM of the poly(methyl methacrylate) nano-latexes prepared by UV irradiation with a surfactant concentration of 2 wt% and initiator (FeCl 3 • 6H 2 O) concentration of 0.3 wt% (based on monomer weight). A clear structure of the emulsion particles was observed. The particles were uniform spheres with the diameter of about 40 nm. Furthermore, the observed emulsion size is consistent with the results measured by DLS analysis (shown in Fig. 3 ). According to the results of TEM and DLS analysis mentioned above, it can be effectively confirmed that the poly(methyl methacrylate) nano-latexes have been successfully obtained by UVinitiated emulsion polymerization. 
Conclusions
The products by photopolymerization have been obtained. The effects of content of initiator and emulsifying agent upon the reaction conversion, distribution of molecular weight, diameter of particles and glass-transition temperature have been studied. A strong photocatalytic activity is shown by iron (III) chloride. The entire polymerization could be completed within 10 min with a conversion above 95%. At the same time, the nano-scale latex particles between 10-100nm were got.
1 H NMR analysis of the reaction products confirmed that the disordered structure of PMMA was obtained.
Experimental Section
Materials
Hexaaquo iron(III) chloride, FeCl 3 ·6H 2 O (Across Organics,99%) were used as received. MMA (Fluka, 99%) was distilled to an ice bath under reduced pressure in the presence of hydroquinone, washed twice with 5% NaOH in water and dried over CaCl 2 . Cetytrimethylammonium bromide (CTAB) was purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). The water used was double distilled.
UV-initiated polymerization
A typical emulsion recipe consisted of amount of MMA, FeCl 3 • 6H 2 O, cetytrimethylammonium bromide (CTAB) and water. The compositions of PMMA emulsion are listed in Tab. 3. A pre-emulsification of MMA, CTAB and water was carried out for 30 min in a flask with stirring at a speed of 400 rpm. The polymerization was conducted for 10 min in a reactor with a quartz cap as shown in Fig. 6 . The UV source used was a 1000 W high-pressure mercury lamp and the light intensity was 20 mW/cm 2 . During the UV irradiation, stirring and a nitrogen purge were maintained at ambient temperature. 6 . A schematic representation of the UV initiated polymerization reacting setup.
Characterization
The product particle size and its distributions were determined by dynamic light scattering (DLS) using a Malvern Zetasizer NanoZS apparatus with a laser of 660nm wavelength at 25 ºC. Before the analysis, the latexes were diluted with deionized water to minimize the particle-particle interactions. The average molecular weights and polydispersity indices of the polymers were measured with a GPC system equipped with a Waters 515 high-performance liquid chromatography pump, three Waters Styragel columns (HT2, HT3, and HT4), a Rheodyne 7725i sampler, and a Waters 2414 RI detector using PSt as the standard and THF as the eluent. 1 H-NMR spectra was recorded on a VNS-400 nuclear magnetic resonance apparatus (Varian Company, USA), the emission frequency was 400MHz and the scanning range was 0-15. The sample was dissolved in deuterated reagent CDCl 3 . Differential scanning calorimetry (DSC), for the determination of the glass transition temperature (T g ) of the polymers, was carried out at a heating rate of 10 ºC min -1 on a Perkin Elmer PC series DSC 7 with 2-5 mg samples of polymer weighed in aluminium pans. All experiments were carried out in nitrogen atmosphere and the measurement was started as soon as the heat flow in the DSC cell had stabilized. The size of the product latex size was also examined in a JEM-1200 EX/S transmission electron microscope (TEM). After filming on copper at room temperature, photos were taken to observe the particle morphology by JEM-1200 EX/S transmission electron microscope with an accelerating voltage of 200 kV.
